DIOS (Diffuse Intergalactic Oxygen Surveyor) is a small satellite aiming for a launch around 2022 with JAXA's Epsilon rocket. Its main aim is a search for warm-hot intergalactic medium with high-resolution X-ray spectroscopy of redshifted emission lines from OVII and OVIII ions. The superior energy resolution of TES microcalorimeters combined with a wide field of view (30 ′ diameter) will enable us to look into gas dynamics of cosmic plasmas in a wide range of spatial scales from Earth's magnetosphere to unvirialized regions of clusters of galaxies. Mechanical and thermal design of the spacecraft and development of the TES calorimeter system are described. Employing an enlarged X-ray telescope with a focal length of 1.2 m and fast repointing capability, DIOS can observe absorption features from X-ray afterglows of distant gamma-ray bursts.
INTRODUCTION
Baryons comprise about 5% of the energy density in the local universe. However, more than half of them have not been unambiguously detected, and numerical simulations predict that the baryons are mostly in the form of warm-hot intergalactic medium (WHIM) with a temperature around 10 6 K, distributing along large-scale filaments with a low density gas. 1, 2 Regarding its temperature, X-ray search of dark baryons is an important challenge, which can constrain the thermal, structural and chemical evolution of the universe. The very low density of WHIM, with a typical overdensity of 10-100, makes the detection very difficult. In particular, the foreground emission of the hot interstellar gas in the Milky-way galaxy has similar temperatures with many emission lines and almost masks the faint WHIM emission beyond. Therefore, highresolution spectroscopy, capable of separating the WHIM lines with redshifts, is vital in the characterization of WHIM.
There have been several reports on the WHIM detection in X-rays. Grating spectrometer measurements of distant blazars can show absorption lines. For example, Chandra observation of 1ES 1553+113 showed absorption lines from CV and CVI, at z = 0.312 and 0.237, which are consistent with HI associations in FUV 3 . The statistical significances of the X-ray absorption lines are around 4σ. Other observations reported enhanced X-ray emission in cluster outskirts or between interacting clusters. 4, 5 In these cases, the temperature of the hot gas, possibly associated to large-scale filaments, is around 10 7 K. Such a measured temperature is significantly hotter than the typical WHIM, and the gas is heated either by the gravitational potential of clusters or by the merger process. In these detection of emission features, no redshifted lines have been resolved and a high-resolution spectral study is needed for the unambiguous detection and characterization of WHIM.
The concept and design of DIOS (Diffuse Intergalactic Oxygen Surveyor) has been reported in the past SPIE conference papers several times. [6] [7] [8] [9] [10] [11] A special feature of the DIOS mission is a wide-field X-ray spectroscopy using an array of TES microcalorimeters, enabling the detection of WHIM in emission. A detailed simulation has been carried out assuming the energy resolution to be ∆E = 2.5 eV and the telescope effective area to be 1000 cm 2 . 12 These parameters are close to the new design of the DIOS mission. Technology of X-ray microcalorimeters, including the cooling system down to 50 mK with very low noise condition, has been well established for the Hitomi (ASTRO-H) mission which was launched in February 2016. 13 This mission was the first satellite to carry out cosmic X-ray observations with microcalorimeters. Technologies which enable the space application of microcalorimeters have been developed and performed well until the loss of the Hitomi satellite: such as Joule-Thomson coolers as a redundant system to the liquid He cooling, isolators to suppress the vibration disturbance from the mechanical coolers, 3-stage ADR (adiabatic demagnetization refrigerator) maintaining the detector temperature at 50 mK, and the on-board pulse shape analysis system. These performances are reported separately in this volume.
The unique capability of microcalorimeters is the high-resolution spectroscopy of extended sources, in contrast to the grating spectrometers which requires parallel beam incidence. The Hitomi SXS experiment had a field of view of 3 ′ × 3 ′ and 32 pixels, employing semiconductor type microcalorimeters. TES calorimeters enable us to make a larger format with ≳ 1000 pixels, enabling observations of much more extended objects. This type of instrument is also a baseline instrument for Athena, the large X-ray observatory planned for launch in 2028 by ESA 14 . DIOS will provide a large field of view (about 30 ′ ) by combining TES calorimeters with a relatively short focal length telescope with four reflections. X-ray spectroscopy of largely extended objects from earth's magnetosphere to cluster outskirts will be carried out in an efficient way. High resolution spectroscopy will reveal thermalization processes, shock formation, turbulence, resonance scattering and charge exchange processes, all in much more quantitative way than before.
In this paper, we give an updated status of the DIOS mission over the previous reports. We originally planned to propose DIOS to JAXA's small mission project using Epsilon rocket for the launch. We will discuss the recent design of DIOS with enhanced capability achievable within the available payload specifications. We note that DIOS is based on the previous international collaboration which led proposals of dark-baryon missions to ESA's Cosmic Vision (EDGE and ORIGIN) and to the US Decadal Survey (Xenia). 15 
SPACECRAFT AND MISSION DESIGN
The view of the DIOS spacecraft is shown in Fig. 1 , and main parameters of the mission are summarized in Table 1 . The orbit of DIOS is a low-earth semicircular shape with an altitude of about 550-600 km with an inclination of 0-30 • . This is similar to those of the previous Japanese X-ray satellites. The launch will take place at USC (Uchinoura Space Center, 131.1 • E, 31.1 • N) in Kagoshima prefecture, Japan.
The spacecraft attitude will be 3-axis stabilized to enable pointing observations to a desired direction. Since angular resolution of the X-ray telescope will be about 3 ′ (goal), the accuracy for the attitude control is less than 1 ′ . DIOS will spend most of the time for the WHIM observations, and tracking operations will take place once a week. The expected data rate will be about 2.5 kbps for the satellite bus and 8 kbps for the payload including the housekeeping data. This gives 110 MB per day, and the capacity of the data recorder will be designed to store 1 week of the data.
In the original design of DIOS, the telescope direction was perpendicular to the launch axis. We now consider a larger telescope with a focal length of 1.2 m rather than the previous 0.7 m. In this case, the telescope to detector length interferes with the diameter of the rocket fairing. We, therefore, look into the telescope configuration to be along the launch axis. Even with this design, the direction of the field of view can be perpendicular to the sun direction, and accessible sky region will be along a great circle with 90 • ± 25 • from the sun. Radiator panels with an approximate area of 1 m 2 will exhaust heat from the spacecraft. Thermal analysis indicates that heat input when the radiator points to the earth will not be a serious problem.
A schematic diagram of the payload system is shown in Fig. 2 . The payload consists of a four reflection telescope (FXT whose design concept is shown in Fig. 3 ) and a dewar containing X-ray spectrometer array (XSA) which consists of TES microcalorimeters. Focal length of FXT is 1.2 m, instead of the previous value of 70 cm. The curves of the effective area for three different focal lengths are shown in Fig. 4 . The longer focal length gives a larger effective area by a factor of about 3 around 1 keV, and a reasonable effective area (∼ 50 cm 2 ) at 6 keV, with a smaller field of view. The grasp (effective area times the solid angle of the field of view) is 50% or so larger for the longer focal length case. Therefore, the gain in the scientific capability is significant with an increase of the weight by about 50 kg.
FXT and dewar are connected and supported from the baseplate by CFRP truss structures (see Fig. 1 ). The baseplate also provides an interface between the payload part and the satellite bus. A radiator panel will stand out with an angle not directly looking into the solar paddles. The dewar is similar to but smaller than the Hitomi one since no liquid He . Effective area of the four reflection telescope for different focal lengths. We use 1.2 m for the design of DIOS. Note that the area does not include the loss due to the blocking filters and their support structures for the TES calorimeter system. will be used in DIOS. Thermal and mechanical analyses have been carried out for a simplified model. We confirmed that cooler powers already confirmed for Hitomi will be high enough to cool the DIOS instrument with an input power of 380 W including a 30% margin. We plan to launch the spacecraft in warm condition, and to spend a few weeks to cool down the payload in space. In order to generate the total power of about 830 W (peak), the solar paddles carry 3 panels on both sides. Table 2 shows parameters of the DIOS instrument. Energy resolution needs to be better than 5 eV to resolve red-shifted WHIM emission lines from those of Galactic or solar-system emission. 12 DIOS will provide a factor of ∼ 250 improvement over Hitomi SXS in S Ω, which is close to the level of Athena X-IFU. With such a small satellite, DIOS will offer a very high sensitivity to extended X-ray emission.
FAST REPOINTING CAPABILITY
To enhance the scientific output from DIOS, we consider to have a fast repointing capability. This function was already included in the EDGE mission proposal. 15 Since X-ray afterglows of gamma-ray bursts are much brighter than the brightest blazars, absorption lines against these afterglows enable us to measure metals and redshifts in the intervening gas. The absorber can be interstellar medium in the host galaxy at high redshifts or WHIM clouds along the line of sight. The redshifts of gamma-ray bursts are typically 2 and go up to 7, so metal production in the high-z universe can be effectively constrained with these observations. We only need very strong gamma-ray bursts for this science, and the actual exposure will be 10 min or so since the X-ray afterglows fade out quickly.
Other subjects we can expect are transient events in our galaxy, such as black hole transients, neutron star binaries, nova outbursts, and stellar flares. High resolution spectroscopy of these events will bring us key knowledge to clarify geometry and motion of gas near compact objects, or to understand shock formation and subsequent heating associated with transient outbursts. Identifying X-ray counterparts for gravitational wave emitters may be also interesting, utilizing the wide field of DIOS.
Preliminary study indicates that momentum wheels already used for JAXA's small missions (such as Hisaki) enables attitude maneuvering of 60 deg in 130 sec. Therefore, the fast attitude change itself is not a critical issue. The current design of DIOS does not have gamma-ray burst monitor on board, and alert information needs to be transmitted automatically to DIOS. The use of NASA's relay satellite (TDRSS) or commercial S-band or X-band transmission is not easy in terms of their costs. We here briefly studied a possibility of Iridium satellite communication * . There are about 60 Iridium satellites orbiting at an altitude of 780 km and can communicate with objects inside of a cone angle of 61.9 deg from the vertical line looking down the earth, as shown in Then, actual coverage for DIOS to be able to communicate Iridium satellites is calculated by using orbital parameters.
The conditions under which the communication will be possible are: the distance between DIOS and an Iridium satellite to be less than 520.7 km, and their relative velocity to be less than 6.9 km s −1 . As shown in Figs. 6 and 7, one contact lasts 40 sec on the average and there are 58 contacts per day. The contact time is long enough to receive necessary information (location and intensity) of gamma-ray bursts or transient events. With this analysis, in the actual operation, we may need to program the contacting times and allow maneuvering of DIOS only when the alert signal is transmitted immediately after the burst onset. Obviously, we need to further continue our effort of finding an efficient observation of there events. Installation of a small burst monitor is one possible option.
INSTRUMENT DEVELOPMENT

X-ray telescope
The development of FXT (four-reflection X-ray telescope) is mainly carried out in Nagoya University, and its progress has been reported for a number of times 11, [19] [20] [21] as well as in the present conference. 22 The focal length is now extended to 120 cm, enabling a TES microcalorimeter with 1 cm in size to cover a field of view of about 30 ′ . The wide field of view covered by a small detector area gives very low detector background for a given sky area. As for the angular resolution, the requirement is 5 ′ and the goal is 3 ′ . We note that the four reflections inevitably introduce additional image degradation than the two reflection mirror. The longer focal length causes the mirror shells less inclined against the optical axis, and the production of high-resolution mirror will be technically more feasible. An X-ray beam measurement of a test mirror set in a quadrant housing gave a half-power diameter close to 5 ′ , so the requirement on the angular resolution will be fulfilled in a short time.
TES array
The focal plane instrument XSA (X-ray Spectrometer Array) is an array of TES microcalorimeters, whose development in Japan is a collaborative effort of Tokyo Metropolitan University, ISAS/JAXA, Rikkyo University, and Kanazawa University. Below, we briefly describe the status of our instrument development.
Since the wirings all running in the same plane will make dense layout of the TES calorimeter pixels difficult, we have been developing multi-layer wiring technique. 24 A cross section of a TES pixel is shown in Fig. 8 , and a test array with 400 pixels employing the multi-layer wiring is shown in Fig. 9 . The Si substrate has a thickness of 300 µm. The hot and return Al lines run in different layers separated by a SiO 2 insulation layer. These wires make contact at a contact hole near each calorimeter pixel. The Al wires have thicknesses of 100-200 nm, and the SiO 2 layer is 180 nm thick. The width of the wirings is 10 and 15 µm. Our production process requires that the multi-layer wirings are built first in the Si substrate, and have achieved energy resolution of 2.8 eV (full width half maximum, FWHM) at 5.9 keV for a single pixel in an 8 × 8 array [1] . We are developing large arrays of TES X-ray microcalorimeters [2] for future X-ray astronomy missions such as diffuse intergalactic oxygen surveyor (DIOS) [3] . DIOS aims at detecting and mapping warm-hot intergalactic medium which requires a geometrical area of 1 cm × 1 cm with energy resolution of <5 eV (FWHM) at 0.6 keV.
In order to satisfy these requirements, we have designed a 20 × 20 pixels array consisting of a 200 µm-square TES pixels [2] . To mitigate cross-talks between pixels and save geometrical space on the chip, multilayer readout wiring is being developed [4, 5] . Figure 1 shows a schematic view of the multilayer readout wiring. Hot and return wirings sandwich an insulation SiO 2 film so that an inductance of the wirings is minimized [4, 5] . The two wiring layers are connected at a contact hole. To enhance electrical contact, the TES film is put on the contact hole.
A process flow for the multilayer wiring is as follows: Firstly, we sputter the lower Al readout layer with a thickness of 100 nm on a silicon wafer which has 1000 nm SiO 2 and 500 nm SiN x layers on the surface for membrane fabrication afterward. We pattern the Al layer with ion milling. Secondly, the insulation SiO 2 layer with thickness of 180 nm is put with chemical vapor deposition. Finally, the upper Al readout wiring of 200 nm thick is sputtered. We pattern this layer using ion milling so that edges are tapered as shown in Fig. 1 . This process is needed to improve electrical contact between the TES and the upper wiring as demonstrated in [6] . To date, we have fabricated a 20 × 20 TES array with only the upper wiring of this design [6] . In this paper, we show our first result of a 20 × 20 TES array having both the upper and lower wirings with the tapered edges.
Test Array with Upper and Lower Wirings
Fabrication
We fabricated a full 400 pixels array with the tapered upper wiring and also the flat lower wiring. Geometrical parameters are shown in Fig. 1 except that the Au absorber is not attached. The membrane structure was not made, in order to study the TES property first. This array is named ID 07. We confirmed that each TES pixel is patterned 123 Figure 8 . Cross sectional view of a TES pixel for the new layered wiring developed for TES array. 23 Two Al wires are separated by the SiO 2 layer. then we form TES calorimeters on top of these wirings. Because of this, the TES calorimeter may may have the surface smoothness not achieving the required level of ∼ 1 nm.
We introduced an angled machining of the wall of the multi-layer wiring and created a slope of about 45 • . This machining is provided by National Institute of Advanced Industrial Science and Technology (AIST) in Japan. We form Ti-Au bilayer on this slope, and the bilayer does not develop a mechanical break. However, the superconducting transition does not occur properly in these TES calorimeters. 23 This is possibly related to the surface quality, and we study the method to improve the transition performance.
TES array readout
Frequency Domain Multiplexing (FDM) method to handle the signal readout from TES arrays has been developed. 10 TES pixels are AC-biased with different frequencies at an order of MHz, and summed by a superconducting quantum interference device (SQUID) and de-multiplexed by room temperature electronics. We designed a system aiming to handle a 400 pixel array, and fabricated a small system which consists of the low-power SQUID, 25 the digital FDM electronics, and the analog front-end to bridge the SQUID and the digital electronics. We first consider about the SQUID gain and heat dissipation. We assumed that the readout of a 400 pixel TES array is performed by 25 SQUIDs, i.e. 16 pixels are multiplexed into 1 channel and that the maximum head load allowed at the cold state is 640 nW. It leads to a heat dissipation of a single SQUID to be < 25 nW. We have developed such SQUIDs, with a low heat dissipation (∼20 nW), a sufficient gain (>100 V/A) and low equivalent current noise of 10 pA/ √ Hz. 25, 26 We designed an FPGA logic to realize FDM with base-band feedback (BBFB), as room temperature electronics. 26 We used a Xilinx ML605 and a 4DSP ML150 ADC/DAC daughter board, as the BBFB system. This system satisfied the .. I DIOS requirement 25 of the signal-to-noise ratio (SNR) per channel (> 60 dB/Ch) even in 16-channel multiplexing (72 dB/Ch16MUX). As shown in Fig. 10 , an analog front-end card (AFE) was developed and connected to the FPGA board. The gain, bandwidth, and equivalent input noise of the LNA were 40 dB, DC to 20 MHz, and ∼ 2 nV/ √ Hz. The output impedance of the V/I converters was > 10 kΩ at 1 MHz when using 100 Ω as a converter resistor. We tested this system with an in-house fabricated 8× TES array and 4-input SQUID chip where four SMD multilayer ceramic capacitors worked as AC filters, as shown in Fig. 11 . Due to the limitation of cryogenic system, we read only 4 pixel signals simultaneously. The filter resonance frequencies are 2.504, 2.763, 3.305 and 3.287 MHz. The energy resolution were, however, not satisfactory. The noise level was as high as 160 pA √ Hz, and degradation of the energy resolution from single pixel readout (47 ± 2 eV in FWHM at 5.9 keV) to the multiplexed readout (87 ± 2 eV) were observed. We found clearly cross-talk signals in the waveform, which could come from the twisted-pair cables in the refrigerator. The carriers from the neighbor channels were generally filtered by the LC filter; however, they were not filtered when they are transmitted. Thus crosstalk from TES bias to the feedback and/or the SQUID output could not be negligible. We are now considering to reduce TES bias by an inductor-shunt instead of resistance-shunt.
Other trial is to read TES pixels in parallel. We are developing an 8 × 8 channel parallel read-out system for ground application. 27 By applying common bias readout of 8 SQUIDs, the number of wires can be reduced by 44%. 28 Recently we achieved 5 channels simultaneous read-out, and obtained an energy resolution < 8 eV. This method is simple, and can be a fallback system for DIOS.
THERMAL AND MECHANICAL DESIGN
Based on the change of the satellite bus, from the previous common bus system to a mission oriented design, in 2014, we carried out again the design of the DIOS satellite. This change of the bus concept allowed us to include the payload electronics in the bus area. The payload part and the bus were strictly separated in the previous design, which required a large radiator panels to exhaust the heat. The study carried out in 2015 FY included an X-ray telescope with a focal length 90 cm and a diameter 77 cm, with a mass of 60 kg including the support housing. The telescope direction is along the launch axis to accommodate the longer length. r than the maximum carrier frequency that we use. mplifier signal is demodulated using phase sensitive (PSDs). One PSD is necessary for one carrier y. The output voltage of each PSD corresponds hange of TES resistance that is ac-biased with the y used in the PSD. We further amplify the signal using rs. Then the signal is re-modulated using multipliers. t we can arbitrarily adjust the phase of the carrier at lation. One integrator and multiplier are used for one equency. These modulated signals of various carrier ies are summed and then sent to the feedback coil of ID.
PSDs and the integrator time constant. The open-loop gain required for TES readout is >10 in f i ± BW TES .
Experimental results
We developed a 1 channel prototype SQUID driver in cooperation with a contractor (NF Corporation), to demonstrate that baseband feedback works as designed. The preamplifier has very low noise of 0.5 nV Hz −1/2 . The phase sensitive detector has a bandwidth of 100 kHz that is wide enough compared to the TES signal bandwidth. The time constant of the integrator is selectable. We adopted AD734 (Analog Devices, Inc.) The cooling system is the same as that employed for Hitomi, 29 except that no liquid He will be used for DIOS. The cooling chain is shown in Fig. 12 . The mechanical coolers, the 2-stage Stirling and the Joule-Thomson coolers, take the temperature down to 4 K. Further cool-down is performed by 3-stage ADR, the same as for Hitomi. Cooling from the room temperature to 4 K only with the mechanical coolers was carried out with the Hitomi engineering model (EM) dewar. Using the flight model (FM) dewar of Hitomi, operation of microcalorimeters in the cryogen free mode was carried out and a very stable temperature, no difference from the cooling with the liquid He, has been obtained. Therefore, by combining the EM and FM test results, the cryogen free cooling from the room temperature to 50 mK was carried out with satisfactory performance. . The powers of JT and Stirling coolers are 90 W and 40-50 W, respectively. The cooling power of the JT cooler is 40 mW at 4.5 K, and we need to keep the dewar surface temperature less than −30 • C to allow 30% margin in the cooling power. The radiator and sun shield were designed to meet this requirement. The compressor heat is transferred to the radiator by a looped heat pipe. The design predicts the dewar surface temperature to be −36 • C.
The support structure of the dewar is a CFRP truss structure supported by four CFRP tubes with 40 mm outer diameter and 2 mm skin thickness. The vibration characteristics meets the requirements, and the mass is also within the capability for the Epsilon launch. The outer envelope is within the fairing size. The telescope may need extra heaters.
SCIENCE FROM DIOS
For WHIM observations, realistic simulations have been carried out by Takei et al. 12 assuming instrument parameters for Xenia with an effective area of 1000 cm 2 which is pretty close to the current design of DIOS. The simulation takes into account the foreground emission from the Galactic interstellar medium and required simultaneous detection of both OVII and OVIII emission lines above 5σ. Detection of the two lines gives a reliable WHIM measurement and estimation of the average temperature of the WHIM clouds. Survey of a sky area of 5 × 5 degrees, corresponding to 57 Mpc at z = 0.2, would show us the growth history of the large-scale structure, as shown in Fig. 13 . The simulation results 12 indicate that 2 years would be necessary to carry out such a mosaic mapping with enough statistics with DIOS. We consider to improve the estimation using more recent model of WHIM, and the results will be reported elsewhere.
The wide field of view of DIOS, combined with excellent energy resolution and low intrinsic background, enables unique science for extended X-ray objects. Gas dynamics, shocks, chemical elements, resonance scattering, charge exchange lines, and other spectroscopic information will all be newly obtained for a wide range of objects. Fig. 14 shows examples of the gas motions expected for various X-ray sources. Besides these objects, the wide effective area and the fast repointing capability will open an opportunity of performing very new science with DIOS, which are complementary to the spectroscopy of extended objects. The absorption line study for Gamma-ray burst afterglows will greatly improve our knowledge on the baryon growth over a cosmological time scale. Also, transient sources will show different aspects of the dynamical processes taking place near compact objects. Pulsations, erratic variations, and X-ray bursts can be studied with the high spectral resolution, and we can closely probe the gas motion near compact objects.
STATUS AND PROSPECTS
DIOS was recommended to the Master Plan of Large Research Projects 2016 issued by the Science Council of Japan in March 2016 by the astronomy and astrophysics sub-division committee of the Science Council. Therefore, DIOS continues to be recognized as a promising mission by the wide science community in Japan. DIOS has been planned along the extension of the Japan-US collaboration over the past 20 years, and the X-ray astronomy group at the NASA/Goddard Space Flight Center expresses their support for the implementation of the DIOS payload. TES microcalorimeters (sensors, SQUID, and ADR) and X-ray telescope are the major items.
The loss of the Hitomi mission in the very early phase will cause some ambiguity in the future program. Original DIOS proposal was planned to extend the science which would have been achieved with Hitomi, so the change of the situation will inevitably affect the future program. The instrument development and the mission study will, however, be useful for a design of any (even non X-ray) mission which may use cooling system under a limited mass and power budget. Also, the science subjects aimed by DIOS will be pursued by the large mission Athena, planned for launch in 2028. We hope that the study of DIOS carried out so far will lead to a very interesting science in future.
